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1. Introduction 
Gordon et al. [1] reported that the beam shape of incident laser light expands after passing 
through a liquid medium. This phenomenon was termed “the thermal lens effect,” and it 
has become a well-known photo-thermal phenomenon. Phenomenological, optical,  
and spectroscopic studies of the thermal lens effect have been carried out to describe 
nonlinear defocusing effect [2-8]. Recent progress in laser technology has revealed the 
various aspects of the thermal lens effect. Based on these efforts, other mechanisms, such as 
liquid density, electronic population, and molecular orientation, have been found to play 
important role as well as thermal lens effect. Recent studies term these effects as “the 
transient lens effect” [9,10]. The main advantage of using the transient lens effect in Photo-
Thermal-Spectroscopy is that the sensitivity is 100 to 1000 greater than a traditional 
absorptiometry [11]. 
In this research, a new idea of applying the thermal lens effect in order to develop 
fluidic optical device is proposed. A schematic of the concept is shown in Fig. 1. A 
rectangular solid region shown in Fig. 1a represents the liquid medium, which has a 
temperature field generated by a heater-heat sink system or laser-induced absorption. 
By controlling the temperature field as well as the refractive index distribution of the 
liquid medium, the refractive angle of each light ray passing through the liquid 
medium can be controlled in order to develop fluidic optical devices such as: an optical 
switching in Fig. 1a to change the direction of the input laser beam, a laser beam shaper 
in Fig. 1b to transform a Gaussian beam to a flat-top beam and a fluidic divergent lens 
in Fig. 1c. Merits of these devices include flexibility of optical parameters, versatility 
and low cost.  
 
Optical Devices in Communication and Computation 178 
 
Figure 1. Schematic of the concept of the fluidic optical devices 
2. Fundamental light ray transmitted in one-dimensional refractive  
index medium 
In this section, as a first step to develop fluidic optical device, the refractive characteristics of 
a probe beam, which is transmitted in one-dimensional temperature distribution in a liquid 
medium is presented. 
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2.1. Theoretical background 
The light ray is modeled in the domain shown in Fig. 2 in order to calculate the refractive 
angle of the probe beam, which is transmitted in a one-dimensional temperature 
distribution in the liquid medium. The light ray direction transmitted in a medium 
having a refractive index dependent only on the y-axis, is described by the following 
form [12] 
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In which, the light ray passes through the medium at coordinate center, θ and φ are the 
incident angle with y and x-axis respectively, n0 is the refractive index of the medium at the 
coordinate center. 
 
Figure 2. Schematic diagram of computational domain 
Figure 2 shows a schematic diagram of the model set up. The rectangular solid medium in 
the figure represents the domain considered in the calculation which consists of ethylene 
glycol. In the medium, ethylene glycol has linear temperature distribution in only y-axis 
direction and the probe beam propagate along z-axis direction. Therefore, θ = φ = π/2, and 
Eq. (1), (2) become: 
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The temperature distribution of the liquid medium is modeled with a linear function of the 
variable y and temperature T at point y is calculated following: 
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In which, T0 is the temperature of the liquid medium at coordinate origin and dT/dy is constant. 
Furthermore, between 0°C and 100°C refractive index of ethylene glycol is a linear function 
of temperature with refractive index change dn/dT = -2.6×10-4 1/K [13]. Therefore, the 
relationship between refractive index and the variable y can be rewriten as follows: 
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By substituting Eq. (7) into Eq. (4) and solving the differential equation, we can obtain the 
relationship between y and z as: 
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And refractive angle (RA) can be obtained as: 
 
0 0
1 1
exp( ) exp( )
2 2
dy kz kz
dz n n
      (10) 
Equation (10) shows the expression of the refractive angle as a function of the temperature 
gradient and the thickness of the liquid medium (optical path length). Figure 3 shows the 
relationship between refractive angle and temperature gradient at points where the 
thickness of sample, L, is 1.5, 3.0 and 4.5 mm respectively. As shown in Fig. 3 the 
relationship between the refractive angle and temperature gradient can be well 
approximated as linear at a small temperature gradient. 
2.2. Experimental set-up 
Figure 4 shows the experimental set-up to measure the refractive angle. Fluidic optical 
device in Fig. 4 is a pyrex vessel (internal size: 21×10×L [mm], thickness of the liquid 
medium, L, can be varied) filled with ethylene glycol. The vessel is held in an adiabatic 
material (Mica glass-ceramics (Photoveel®) as shown in Fig. 5. The temperature on both 
sides of the vessel was controlled by a heater-heat sink system to create a one-dimensional 
temperature distribution in the liquid medium. 
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Figure 3. Relationship between the refractive angle and temperature gradient 
 
Figure 4. Refractive angle measurement system 
 
Figure 5. Schematic diagram of sample 
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Figure 6. Temperature gradient measurement system 
The temperature distribution in the liquid medium is confirmed by measuring the 
temperatures at 5 points with 2 mm pitch in the vessel using 5 thermocouples as shown in 
Fig. 6. The temperature gradient in the experiment is given as: 
 4 5
T TdT
dy y
   (11) 
In which, Δy is the distance between two thermocouples to obtain the temperature gradient, 
Δy = 4 mm. 
A CW laser (P = 0.6 mW, λ = 632 nm, Φ = 0.8 mm, TEM00) is used as a probe beam. A CCD 
camera (OPHIR, BeamStar-FX 50) is used as a detector. Based on probe beam position, the 
refractive angle is estimated with: 
 
r
d
   (12) 
Where d is the distance from the sample to the detector of the camera = 286 mm; r is the 
beam position. 
2.3. Results and discussions 
Figure 7(a) and (b) show the comparison of theoretical and experimental results at points 
where the thickness of sample, L, is 1.5 and 3.0 mm respectively. The temperature 
gradient in the theoretical results is based on the measurement as described above. As 
shown in this figure, theoretical and experimental results agree well with each other. The 
experimental data includes the error corresponding to the difference between the actual 
temperature gradient at the laser incidence which is calculated by using Eq. (11). The 
discrepancy at higher dT/dy may correspond to the error where the measured 
temperature gives higher dT/dy and therefore higher a prediction by using Eq. (10). This 
discrepancy should increase with increasing sample thickness and the temperature 
gradient as a consequence of the effect of natural convection and the temperature gradient 
in the z-axis [14]. 
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Figure 7. The comparison of theoretical and experimental results 
3. Fluidic laser beam shaper 
Flat-top laser are well known to present significant advantages for laser technology, such as 
holographic recording system, Z-scan measurement, laser heat treatment and surface 
annealing in microelectronics and various nonlinear optical processes [15-19]. For CW 
beams, several approaches to spatially shape Gaussian beams have been developed, such as 
the use of aspheric lenses, implement beam shaping or the use of diffractive optical devices 
[20]. However, these methods have some disadvantages: a refractive beam shaping system 
lead to large aberration [21] and implemental beam shaping has low energy efficiency and 
lacks of flexibility [22]; and the use of refractive optical devices requires complex 
configuration design and high cost [23]. In practice, a low-cost and flexible method  
to convert a Gaussian beam into a flat-top beam is required. In this section, a novel method 
to convert a Gaussian beam into a flat-top beam is discussed. The concept is based on  
the control of the pump power and propagation distance of the probe beam in the thermal 
lens system. 
(a) L = 1.5 mm 
(b) L = 3 mm 
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3.1. Principle of thermal lens effect 
The principle of the transient lens effect is schematically illustrated in Fig.8. A CW diode 
pumped blue laser is used as pump-beam (BCL-473-030, λ = 473 nm, Φ = 0.8 mm, TEM00) 
with maximum output power of 30mW. The laser beam intensity was adjusted by using 
ND-filter. A CW infrared DPSS laser is used as probe-beam (MIL, λ = 1064 nm, Φ = 3.0 mm, 
TEM00) with maximum output power of 10 mW. A CCD camera is used as a detector to 
measure the intensity distribution of the laser beam. A cuvette, which is a three-layer 
structure with a sheet copper is sandwiched between 2 pieces of fused silica. The height of 
the fused silica is 1 mm. The sheet copper has doughnut shape. The liquid that is contained 
inside the doughnut hole has the same height with the sheet copper. By varying the 
thickness of the sheet copper, the liquid height can be changed. The ethanol solution 
dissolved dye termed as Sunset-yellow is filled in the cuvette. The chemical formula of the 
Sunset-yellow is shown in Ref. 24.  
 
Figure 8. Schematic diagram of a dual-beam thermal lens system 
 
Figure 9. Experiment result: the difference of intensity profile of the probe beam after passing through 
the thermal lens (left side) and a quart divergent lens (right side) 
In this experiment, the absorbance of the pump-beam is 2.776 and that of the probe-beam is 
negligible small. Figure 9 shows the laser beam profile of the probe beam after propagating 
through a divergent lens and a thermal lens. It is clear that, the probe beam change its 
profile from Gaussian to doughnut beam with a hollow center is created. 
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Theoretical analysis of laser beam profile change in thermal lens effect is done with a model 
that includes continuity equation, Navier-Stokes equation, energy conservation equation 
and Helmholtz equation in 2D cylindrical symmetry coordinate. It is assumed that the 
change of refractive index is caused only by the temperature change of the liquid medium 
and the thermal coefficient of the refractive index, dn/dT. The concentration is supposed to 
be constant over the range of the temperature rise induced by the pump beam. When the 
liquid medium is irradiated, temperature distribution perpendicular to the optical axis is 
formed due to intensity distribution of laser beam and heat transport. To consider the 
natural convection effect, the temperature distribution of liquid sample in steady state is 
calculated numerically following these governing equations [24]: 
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Here, I0(r) is the intensity distribution of the pump laser. The spot sizes of the laser beams 
are assumed to be constant through the interaction volume within the liquid medium. 
The temperature distribution is calculated numerically based on the finite difference 
method. The 1st order upwind scheme and a 2nd order center differencing are applied to 
discretize the advection term and the diffusion term respectively. The thermal properties of 
liquid medium can be found in Ref. 24. 
To model the propagation of laser through an inhomogeneous medium, the wave equation 
which includes an absorption term and an inhomogeneous refractive index term is applied 
[24]: 
  2 2 2 20 0 0 0 0 02 1 ( ) 12 2E E rEik n k n n E ik n Ez r r rz                 (17) 
Here, E is the envelope of the oscillating electric field, z is the axis of propagation, r is 
transverse coordinates, k0 is the free space wave number and α is the absorption coefficient. 
The variable n is the refractive index profile depending on medium temperature following: 
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  0 0( ) dnn T n T TdT    (18) 
Here, n0 = 1.359 is the refractive index of the liquid medium at reference temperature T0 = 
298.15 K, dn/dT is the temperature coefficient of the refractive index. The propagation of 
laser is calculated based on Pade method. The optical properties parameter can be found in 
Ref. 24. 
3.2. Influences of the pump power and the propagation distance on the change 
of probe beam profile 
Influences of the pump power and the propagation distance to the probe beam profile were 
investigated numerically using the calculation parameters in Table. 1. In this calculation, 
both of the pump beam and the probe beam are written as follows. 
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Here P is the power of laser, R is the radius of curvature of the wave front, r and r0 are 
distance from laser axis and beam radius respectively. 
 
Parameter (a) (b) 
Pump power, mW 3 0 ~ 7 
Pump beam diameter, mm 0.8 0.8 
Probe power, mW 10 10 
Probe beam diameter, mm 0.8 0.8 
Absorption coefficient, cm-1 2.0 2.0 
Distance from experimental section to CCD camera, mm 0 ~ 500 200 
Phase front curvature radius, R, mm ∞ ∞ 
Table 1. Calculation conditions 
Effects of the pump power and the propagation distance to the probe beam profile are 
shown in Fig. 10(a) and (b) respectively. The vertical axis and horizontal axis show intensity 
and distance from laser axis respectively. Plots of ‘P = 0 mW’ and ‘d = 0 mm’ represent 
intensity distribution of the probe beam without thermal lens effect. As shown in Fig. 10(a), 
the further the propagation distance, the lower intensity at the probe beam center, and 
higher intensity at the wing. With increasing of the propagation distance, the laser beam 
profile changes from Gaussian to flat-top and the doughnut beam profile respectively. The 
profile of the probe beam changes with the same tendency as the increasing of pump power 
as shown in Fig. 10(b). In particular, when the pump power is 3 mW and propagation 
 
Fluidic Optical Devices Based on Thermal Lens Effect 187 
distance is 200 mm the probe beam is converted to the flat-top profile approximately. 
Therefore, by controlling the pump power and the propagation distance the Gaussian beam 
can be converted into the flat-top beam. 
 
Figure 10. Influence of the propagation distance and the pump power to the probe beam profile 
3.3. Experimental set-up to shape spatial profile 
In order to confirm the role of the fluidic laser beam shaper, a single-beam experiment is set 
up as shown in Fig. 11. A CW diode blue laser is used as pump and probe-beam (P = 10 mW, 
λ = 488 nm, Φ = 0.69 mm, TEM00). In this experiment, the height of the liquid medium is 0.5 
mm, the dye concentration is 0.1 g/l and the absorption coefficient is 2.92 cm-1 (measured 
value) respectively. The propagation distance to obtain the flat-top beam profile is measured 
by changing the distance from the cuvette to the CCD camera. At the propagation distance 
of 150 mm, the flat-top beam is confirmed as shown in Fig. 12(a). 
Figure 12(b) shows the beam profile change from the Gaussian to the flat-top beam. The 
vertical and horizontal axes show the intensity and distance from the laser axis respectively. 
The o-line shows the profile of the Gaussian input beam by fitting the laser beam profile 
measured at the surface of the cuvette. The strange-line shows the profile of the flat-top 
beam calculated by beam propagation method. The solid-line shows the profile of the flat-
(a) Influence of the propagation distance
(b) Influence of the pump power 
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top beam measured by CCD camera at propagation distance of 150 mm from the cuvette. 
Both experimental and calculated results agree well with each other. 
 
Figure 11. Experimental set up for a single-beam thermal lens system to transfer a Gaussian beam to 
flat-top beam 
 
 
 
Figure 12. Experimental results 
(a) Flat-top beam profile measured by CCD camera 
(b) Beam profile change from Gaussian to flat-top 
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Figure 13. Temperature distribution inside the liquid medium [K]. The calibration shows the difference 
between temperature inside the liquid medium with the ambient temperature. 
In order to explain in more detail about the mechanism of this fluidic beam shaper, the 
temperature distribution of liquid medium is calculated. As shown in Fig. 13, local heating 
near the beam axis produces a radially dependent temperature variation, which changes the 
liquid refractive index in which the lower refractive index is in the region near to the beam 
center. As a consequence, the radius of curvature of the wave front at the region near the 
beam center is shorter than one at the beam wing. Therefore the sample liquid locally acts as 
a micro divergent lens with shorter focal length at beam center. As shown in Fig. 1b, the 
beam center that passes through shorter focal length is spread out more rapidly than the 
beam wing. As the probe beam propagates to increasing distance, the intensity in the center 
region drops rapidly than one in the wing region. At a certain value of propagation distance, 
the Gaussian beam can be converted into the flat-top beam. 
It is noted that, in the case of single-beam shaper, one part of laser beam energy (about 15% 
in this experiment) is converted into thermal energy in order to change temperature 
distribution or in other words to change refractive index distribution in the liquid medium. 
Therefore, in the case of single-beam shaper, the beam shaper has another role, which is as 
an attenuator. This laser beam shaper/attenuator can be applied in practical laser drilling 
technology. In the case of applying on only laser beam shaper, the double-beam system is 
recommended. In this case, it is needed to select dye whose absorbance of the probe-beam is 
negligible small. 
3.4. Relationship between pump power and distance to shape spatial profile 
As shown in previous section, the flat-top beam can be obtained only at a fixed distance. In 
order to control this distance, the influence of pump power is investigated theoretically and 
experimentally. The calculation parameters are shown in Table. 2. The pump power is 
changed from 1 to 8 mW. The distance to obtain the flat-top beam is obtained numerically. 
The relationship between the pump power and the distance to shape spatial profile is shown 
in Fig. 14(a). The horizontal and vertical axes show pump power and distance to obtain the 
flat-top beam respectively. As shown in Fig. 14(a), the distance to obtain a flat-top beam is in 
inverse proportion to the pump power.  
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In order to validate the numerical prediction, a single beam experiment was carried out. The 
pump power is changed from 1 to 6 mW and the distance to obtain the flat-top beam was 
measured. The experimental result shown in Fig. 14(b), shows excellent agreement with 
calculation prediction. The relationship between pump power and distance to obtain the 
flat-top beam can be explained by the interaction between energy absorption of liquid 
medium with the focal length of local micro lens. As the pump power increase, the 
absorption energy increases. As a consequence, the rate of decreasing of R is enhanced. This 
can be thought as the reason why the distance to obtain a flat-top beam decreases. In other 
words, the distance to obtain the flat-top beam profile also decreases with the increasing of 
absorption coefficient. Therefore, by changing the absorption coefficient or the pump power, 
the distance to obtain a flat-top beam can be controlled. 
 
Pump power, mW 1 ~ 8 
Pump beam diameter, mm 0.8 
Probe power, mW 10 
Probe beam diameter, mm 0.8 
Absorption coefficient, cm-1 2.0 
Phase front curvature radius, R, mm 320 
Table 2. Calculation conditions 
 
Figure 14. Relationship between the pump power and the distance to obtain the flat-top beam profile. 
The horizontal and vertical axes show the pump power and the distance to obtain the flat-top beam 
profile respectively. 
(a) Calculation result
(b) Experimental result
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4. Tunable fluidic lens 
Fluidic lenses are well known to present significant advantages for wide range of applications 
from mobile phone to laboratory on a chip. Fluidic lenses have a number of apparent advantages 
such as tunable refractive index and reconfigurable geometry. Several approaches to design the 
liquid lens have been developed based on the microfluidic techniques to modify the liquid lens 
shape by using: out-of-plane micro-optofluidic [25-26], in-plane micro-optofluidic [27-28], 
electron wetting [29], dielectrophoresis [30] and hydrodynamic force [31]. Other approach bases 
on turning the refractive index of the liquid by different means such as pressure control, optical 
control, magnetic control, thermo-optic control, and electro-optic control. 
4.1. Principle of fluidic lens 
When the liquid medium is irradiated, local heating near the beam axis produces a radially 
dependent temperature variation, which changes the liquid refractive index in which the lower 
refractive index is in the region near to the beam center. As a consequence, the radius of 
curvature of the wave front at the region near the beam center is shorter than one at the beam 
wing. The liquid medium behaviors as a convergence GRIN-L with focal length depends on the 
radial position of the incident ray relative to the optical axis of the cuvette. The ray equation that 
is calculated numerically to obtain the path of an incident beam, which is given by: 
 grad( )
d dR
n n
ds ds
      (21)  
Where, ds and R are the differential element of the path length and the positional vector of the 
ray respectively. The variable n is the refractive index of the liquid sample. The variable n is 
the refractive index profile depending on medium temperature following equation (13-16, 18). 
4.2. Influences of the pump beam profile 
Influences of the pump beam profile to the focal length of the GRIN-L were investigated 
numerically with the calculation conditions in Table. 3. The intensity profile of the pump is 
applied with the Gaussian beam and the quasi-flat-top beam (a super-Gaussian distribution 
of order k) using Eq. 22 and Eq. 23 respectively. 
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Here Γ is the Gamma function, r and r0 are distance from laser axis and beam radius, 
respectively. In this calculation, quasi-flat-top beam is the 10 order of the super-Gaussian 
distribution, two types of the pump intensity profile are shown in Fig.15. 
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Pump power, mW 10 
Pump beam diameter, mm 1.5 
Absorption coefficient, cm-1 2.0 
Table 3. Calculation conditions 
 
Figure 15. Two types of the pump beam profile 
 
Figure 16. Effect of the pump beam profile to the focal length of the GRIN-L lens 
The effect of the pump beam profile to the focal length of the GRIN-L lens is shown in Fig. 16. 
The vertical and horizontal axes show focal length and distance from laser axis respectively. The 
solid and dashed lines represent the plot of the focal length again the radial position of the 
incident ray relative to the optical axis of the cuvette in the case of Gaussian pump beam and 
quasi flat-top pump beam respectively. As shown in Fig. 16, for the Gaussian pump beam the 
focal length of the GRIN-L increases sharply with increasing of the distance from laser axis, 
which means larger spherical aberration. It means that, the beam center which passes through 
shorter focal length is spread out more rapidly than the beam wing. As a consequence, the 
further the propagation distance of the probe beam, the laser beam profile changes from 
Gaussian to the doughnut beam profile [24], which should cause some undesirable results in 
laser processing [32]. In contrast, with the quasi flat-top pump beam, the focal length of the 
GRIN-L varies lightly with increasing of the distance from laser axis smaller than beam waist of 
the flat-top pump beam. The area smaller than the beam waist of the flat-top pump beam acts as 
a divergent lens with small spherical aberration. Therefore, for the purpose of designing the 
GRIN-L lens the uniform pump beam shows the advance in reducing the spherical aberration. 
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4.3. Experimental set-up 
In order to confirm the qualities of the GRIN-L, an experiment with the quasi flat-top pump 
beam is carried out as shown in Fig. 17. A CW diode blue laser is used as pump laser (P = 10 
mW, λ= 488 nm, Φ = 0.69 mm, TEM00). In cuvette 1, the height of liquid is 0.5 mm, and the 
absorption coefficient is 2.92 cm-1 (at wavelength of 488 nm). In the cuvette 2, the height of 
liquid is 1 mm, and the absorption coefficient is 55 cm-1 (at wavelength of 488 nm). A CW 
He-Ne laser is used as probe laser (P = 0.6 mW, λ = 632 nm, Φ = 0.8 mm, TEM00). It is noted 
that, the absorption of ethanol solution can be ignored at the wavelength of the probe laser. 
First, the pump beam passes through cuvette1, then the beam profile of pump beam was 
converted from Gaussian to flat-top during its transmission to cuvette 2 as shown in Fig. 18. 
Then, the probe laser was adjusted to overlap with pump laser. After propagating through  
 
Figure 17. Experimental set-up for the fluidic divergent lens 
 
Figure 18. The intensity profile of the pump beam during its transmission to cuvette 2. Dotted and solid 
lines show the measured result and fitting by super-Gaussian distribution respectively. 
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the sample the probe laser is directed towards the CCD camera and the pump laser is 
blocked using filters located at the detection plane. The distance between cuvette 2 and the 
CCD camera is varied, and the 1/e2 diameter of probe laser is measured. 
Figure 19(a) shows the change along the propagation direction in the beam profile. The 
vertical and horizontal axes show the intensity and distance from the laser axis respectively. 
By using the quasi flat-top pump beam, the beam profile of probe laser can remain in 
Gaussian distribution during its propagation. Figure 19(b) shows the plot of probe beam 
waist again propagation distance. As shown in Fig. 19(b), the beam waist of probe laser 
varies linearly with propagation distance. In other words, cuvette 2 acts as a divergence lens 
with focal length of f = -424 mm (this value has been calculated by considering the 
divergence angle of probe laser θ = 1.2 mrad).  
Next, the pump power is changed from P0 = 7.7 mW to P0/2, P0/3 and P0/4 respectively. 
Figure 20 shows the plots of focal length against the pump power. Square and circle plots 
show the calculation and experimental result, respectively. As shown in Fig. 20, the focal 
length increases with increasing of the pump power. This means that, by adjusting the 
pump power, the focal length can be controlled. 
 
 
 
Figure 19. Probe beam changes along the propagation direction 
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Figure 20. Relationship between the pump power and focal length 
5. Conclusion 
In this research, a novel idea of fluidic optical devices which includes laser beam shaper and 
fluidic divergent lens are demonstrated. The fluidic optical devices are based on controlling 
some parameters in the thermal lens system. The interaction among the intensity distribution, 
power of the pump beam, the absorption coefficient, the propagation distance and the 
intensity profile of the probe beam have been investigated experimentally and theoretically. It 
is found that 
 By controlling the pump power and the absorption coefficient, the input Gaussian 
beam can be converted into a flat-top beam profile. The distance to get the flat-top 
beam profile can be controlled easily by adjusting the pump power and the 
absorption coefficient. In actual applications, single-beam shaper has another role, 
which is as an attenuator. This laser beam shaper/attenuator can be applied in 
practical laser drilling technology. In the case of applying on only laser beam shaper, 
the double-beam system is recommended. In this case, it is needed to select a dye 
whose absorbance of the probe-beam is negligible small. 
 The uniform pump beam shows the advance in reducing the spherical aberration. And 
by adjusting the pump power, the focal length can be controlled 
With some merits such as flexiblility, versatility and low cost, these fluidic optical devices 
will be promising tools in many fields of laser application. 
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